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Abstract Strains of Enterobacter cloacae show prom-
ise as biological control agents for Pythium ultimum-
induced damping-off on cucumber and other crops.
Enterobacter cloacae M59 is a mini-Tn5 Km transpo-
son mutant of strain 501R3. Populations of M59 were
significantly lower on cucumber roots and decreased
much more rapidly than those of strain 501R3 with
increasing distance from the soil line. Strain M59 was
decreased or deficient in growth and chemotaxis on
most individual compounds detected in cucumber root
exudate and on a synthetic cucumber root exudate
medium. Strain M59 was also slightly less acid resistant
than strain 501R3. Molecular characterization of strain
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M59 demonstrated that mini-Tn5 Km was inserted in
cyaA, which encodes adenylate cyclase. Adenylate
cyclase catalyzes the formation of cAMP and cAMP
levels in cell lysates from strain M59 were approxi-
mately 2% those of strain 501R3. Addition of exoge-
nous, nonphysiological concentrations of cAMP to
strain M59 restored growth (1 mM) and chemotaxis
(5 mM) on synthetic cucumber root exudate and
increased cucumber seedling colonization (5 mM) by
this strain without serving as a source of reduced car-
bon, nitrogen, or phosphorous. These results demon-
strate a role for cyaA in colonization of cucumber roots
by Enterobacter cloacae.
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Introduction

Beneficial bacteria have been applied to soil in associa-
tion with plant parts for applications including biological
control, plant-growth promotion, and bioremediation
(Bloemberg and Lugtenberg 2001; Kuiper et al. 2004).
There is compelling evidence that root colonization
plays an essential role in the successful application of
these beneficial bacteria in certain situations (Bull
et al. 1991; Chin-A-Wong et al. 2000). Traits involved
in colonization of subterranean plant parts include che-
motaxis, putrescine uptake, prototrophy, stress toler-
ance, and the production of antibiotics, NADH
dehydrogenases, site-specific recombinase, and certain
bacterial surface molecules (Mazzola et al. 1992; Rai-
ney 1999; Lugtenberg et al. 2001; de Weert et al. 2002;
Lohrke et al. 2002; Martinez-Granero et al. 2005).

Some work has been performed regarding the
importance of regulatory pathways in plant-beneficial
bacteria to colonization of roots by these microbes
(Natsch et al. 1994; Chancey et al. 2002). A functional
gacA/gacS two component regulatory cascade was
shown to be important for competitiveness of certain
pseudomonads in plant rhizosphere in experiments
conducted in natural soil but not in experiments con-
ducted in sterile soil (Chancey et al. 2002). The impor-
tance of the gacA/gacS system in enhancing
competitiveness of pseudomonads in natural soils was
attributed to its role in the production of a number of
different antibiotics such as phloroglucinols, phena-
zines, pyrrolnitrin, lipopeptides, and hydrogen cyanide
(Heeb and Haas 2001). Many of these compounds have
been shown to contribute to rhizosphere competence
(Mazzola et al. 1992; Natsch et al. 1994; Whistler et al.
1998; Bull et al. 2001). A possible two component regu-
latory system with homology to OmpR—-PhoB response
regulators has also been shown to be important for rhi-
zosphere competence (Dekkers et al. 1998).

Cyclic AMP (cAMP) is a regulatory molecule
widely distributed among prokaryotes and eukaryotes
(Botsford and Harman 1992; Tang and Gilman 1992).
In Escherichia coli and other enteric bacteria cAMP
regulates gene expression when bound to the cAMP-
receptor protein (CRP). The cAMP-CRP complex is
well known for regulating the acquisition and utilization
of carbon in bacteria and is also involved in regulation
of flagellar production and responses to heat, pH, and
osmotic stresses (Botsford and Harman 1992; Ferenci
1999; Kimura et al. 2002; Ma et al. 2003). Additionally,
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the cAMP-CRP complex has been shown to interact
with other transcriptional regulators, such as Fur,
which regulates iron utilization (Zhang et al. 2005).
Functional interactions between nutritional regulons
are thought to be important in balancing the supply of
essential nutrients to the bacterial cell (Gutierrez-Rios
et al. 2003). The balanced acquisition of nutrients and
overcoming these environmental stresses may have a
positive influence on root colonization implicating a
role for the cAMP—CRP complex in root colonization.
However, there have been no studies to our knowledge
analyzing the role of cAMP or adenylate cyclase, the
enzyme that catalyzes the synthesis of cAMP, in colo-
nization by plant-beneficial bacteria.

Strains of the enteric, plant-beneficial bacterium
Enterobacter cloacae have been shown to suppress
Pythium ultimum damping-off of cucumber, cotton,
and other crops (Hadar et al. 1983; Nelson 1988). Ente-
robacter cloacae also colonizes the subterranean por-
tions of a number of plant species (Nelson 1988;
Roberts et al. 1996, 1999; Lohrke et al. 2002). Enterob-
acter cloacae M59 is a prototrophic, transposon mutant
of Enterobacter cloacae 5S01R3 that was shown to be
deficient in growth on several amino acids and in coloni-
zation of seeds of cucumber and other crops (Roberts
et al. 1996). We characterized the mutation in strain
M359 at the molecular level in an attempt to understand
the colonization behavior of this strain. We demon-
strate here that strain M59 contains a mutation in
cyaA, which encodes adenylate cyclase, and that cyaA
is important for colonization of cucumber roots by
Enterobacter cloacae.

Materials and methods
Bacterial strains and plasmids

Bacterial strains and plasmids used in this study are
listed in Table 1. Enterobacter cloacae 5S01R3 is a pro-
totrophic, spontaneous, rifampicin-resistant mutant of
Enterobacter cloacae EcCT501 (Nelson 1988; Roberts
etal. 1992). Enterobacter cloacae M59 is a mini-
Tn5 Km mutant of 501R3 (Roberts et al. 1996). When
appropriate the growth medium used to culture these
strains was supplemented with ampicillin (Ap, 50 pg
ml~!), kanamycin (Kan, 50 ug ml~!), or rifampicin (Rif,
100 pg ml~1).

Molecular techniques

DNA isolations, transformations, electroporations,
restriction enzyme digestions, electrophoresis, and
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Table 1 Bacterial strains and plasmids

Strain or plasmid Relevant characteristics

Reference or source

Strains

E. cloacae 501R3

E. cloacae M59
cyaA:mini-Tn5 Km; Kan', Rif"

Spontaneous Rif" mutant of E. cloacae EcCT501
Mutant of E. cloacae S01R3 containing

Roberts et al. (1992)
Roberts et al. (1996), this study

Sambrook and Russell (2001)

E. coli DHS5a (80dlacZAM15)(lacZY A-argF) U169 ginV44 deoR
gyrA96 recAl relA91 endAl thi-1 hsdR17

Plasmids

pM39 Kan", Ap', contains 6.0-kb Apal-fragment from

This study

Enterobacter cloacae M59 containing cyaA::mini-Tn5 Km

pGEM-7Zf(+) Ap', cloning vector

Promega Corp.

Ap" ampicillin resistant, Kan" kanamycin resistant, Rif” rifampicin resistant

ligations were performed as previously described
(Sambrook and Russell 2001). Plasmid pMS59
(Table 1) was constructed by ligating Apal-digested
M59 genomic DNA to Apal-digested pGEM-7Z(+)
followed by electroporation into E. coli DHS5a and
isolation of Ap- and Kan-resistant colonies. The
nucleotide sequence of both strands of the Enterob-
acter cloacae portion of pM59 was obtained using
PCR-mediated Taq DyeDeoxy terminator cycle
sequencing. Primers designed to the right
(MT5R2096: 5'-GGG CCT TGA TGT TAC CGA
GAG C-3') and left (MT5L294: 5'-TAA GCG TGC
ATA ATA AGC CCT ACA-3') ends of mini-
Tn5 Km (Lohrke et al. 2002) were used to sequence
out from this transposon in pM59. The upstream por-
tion of cyaA and adjacent sequence was obtained by
directional walking (Mishra etal. 2002). Primers
AMPBTF2: 5'-Bio-AAT CGG CAG TTC ACC TTT
TGG AGA-3' (Bio-biotin) and AMPPF2: 5'-AGG
TAA TCG TGT TGG GTT TCA-3'" were used in the
first walking experiment and primers AMPBTS3:
5'-Bio-CGC TTC ATC AAC CGT AAA ACT G-3' and
AMP3: 5'-TGT TAG GAT GGT TAG CGA TTG
ATA-3' in the second. PCR amplifications were done
as described by Mishra et al. (2002). Amplified prod-
ucts were excised from the gel, purified with Gene-
Clean (MP Biomedicals Co., Solon, OH, USA) using
conditions recommended by the supplier, and
sequenced by PCR-mediated Taq DyeDeoxy termi-
nator cycle sequencing. The LASERGENE (DNAS-
TAR, Inc., Madison, WI, USA) sequence analysis
software package and BLAST searches (Altschul
et al. 1997) were used for DNA and protein sequence
analyses. Multiple sequence alignments were per-
formed with CLUSTAL W version 1.81 (Thompson
etal. 1994). The GeneContext analysis was per-
formed with the Gene Context Tool (Ciria et al. 2004)
on 8/15/2006 with 345 microbial genomes included.

For Southern hybridization, genomic DNA was iso-
lated, digested, separated, and hybridized using standard
protocols (Sambrook and Russell 2001). Probes for
mini-Tn5 Km and cyaA were constructed by PCR. PCR
amplifications were performed in 25 pl reactions with
reaction mixtures consisting of 10 mM Tris—HCI, pH 8.3;
S0mM KC; 1.5mM MgCl,; 10pMole primer;
200 pMole each dNTP; 1 U AmpliTaq Gold (Perkin-
Elmer); and 40-100 ng of bacterial DNA. Enterobacter
cloacae 501R3 and M59 genomic DNA were used as
template for construction of cyaA and mini-Tn5 Km
probes, respectively. Primers for PCR were TnSF1:
5’AAC GCA AGC GCA AAG AGA AAG AGG
TAG-3', Tn5R1:5'-TCA TAG AAG GCG GCG GTG
GAA TC-3', cyaAF1:5'-CTG TGC GTC TGG CCG
GGA AGC GTA TT-3', and cyaAR1:5’-TGC CGT
CGG GTCGTA TTC CAG GTT GA-3'. For PCR con-
struction of the mini-TnS Km probe, denaturation was
at 95°C for 10 min for the first cycle and 94°C for 30 s for
each subsequent cycle. Annealing and elongation were
at 58°C for 20s and 72°C for 30s, respectively, for 5
cycles with 2's added to the annealing time per cycle.
Annealing and elongation for an additional 25 cycles
were at 58 and 72°C for 30s with 1s added to the
annealing and elongation time per cycle. Reactions were
terminated after a final 5 min elongation at 72°C. PCR
was as above for construction of the cyaA probe except
the annealing temperature was 60°C. The amplicons in
the reaction mix were separated by electrophoresis and
extracted from gels with GeneClean (MP Biomedicals
Co.) using conditions recommended by the supplier.
Probes were labeled with random primer biotinylation
reactions using the NEBlot Photope Probe Labeling Kit
according to the manufacturer’s instructions (New
England Biolabs, Ipswich, MA, USA). Southern hybrid-
izations were conducted at 68°C overnight in 6x SSC.
Southern blots were developed according to the manu-
facturer’s instructions (New England Biolabs).
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Nucleotide sequence accession number

The nucleotide sequence and sequence of the trans-
lated proteins have been deposited in GenBank under
accession number AY765258.

Determination of cAMP levels in cells

Enterobacter cloacae M59 and 501R3 were grown over-
night to stationary phase in M56 salts (Nguyen et al.
1983) broth plus 0.2% glycerol and 250 rpm at 28 or
37°C. Cells from overnight cultures were collected by
centrifugation, washed twice with sterile distilled water
(SDW), and resuspended in SDW to O.D.
540 nm = 1.50. Cells (10 ml) in this suspension were
centrifuged, resuspended in 2 ml SDW, and lysed with
CelLytic Express (Sigma Chemical Co., St Louis, MO,
USA) using conditions specified by the manufacturer.
cAMP in the lysate was quantified with a competitive
enzyme immunoassay (Cat. No. CA-201, Sigma Chem-
ical Co.) using conditions specified by the manufac-
turer. Total protein in the lysate was determined with
the Bradford assay (BioRad Laboratories, Hercules,
CA, USA) using bovine serum albumin as standard.
The experiment was performed at least 3 times with
each strain grown at 28 and at 37°C. Mean pMole
cAMP (ug protein)™' with standard deviation was
determined for each strain. Results from separate
experiments were combined prior to analysis.

Phosphomycin resistance assays

Phosphomycin resistance with strains 501R3 and M59
in the presence and absence of cAMP was determined
essentially as described (Sakamoto et al. 2003). Strains
were grown overnight in nutrient (N) broth with or
without 1 mM cAMP, washed in SDW, resuspended in
SDW to O.D. 540 nm =1.00, and spread on N agar
plates with or without 1 mM cAMP. Filter disks con-
taining 25 pl of 0, 500, 1,000, 1,500, 2,000, 4,000, or
6,000 pg ml~! phosphomycin were applied to the plates
and the plates incubated 48 h at 37°C prior to examina-
tion for zones of inhibition. The experiment was per-
formed twice with three replicates per treatment and
experiments analyzed independently.

Environmental stress assays

Heat stress experiments were performed essentially as
described (Delaney 1990). Strains 501R3 and M59, cul-
tured overnight in M56 salts broth plus 0.2% glycerol
at 37°C and 250 rpm, were washed twice in M56 salts
broth without a carbon source and resuspended to
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approximately 1 x 10° CFU ml™!' in M56 salts broth
without carbon. Suspensions (330 pl) of each strain
were pipetted into sterile glass test tubes (1.2-cm
diameter x 7.5 cm), incubated at 50°C in a water bath,
and CFU ml~! determined after 0, 15, 30, 45, 60, 75,
and 90 min by dilution-plating onto Luria—Bertani
(LB; Sambrook and Russell 2001) agar containing the
appropriate antibiotics. Mean Log,;,CFU with standard
deviation was calculated for each strain at each time.
The experiment was performed twice with three repli-
cates per treatment and experiments analyzed inde-
pendently.

Acid resistance with strains 501R3 and M59 was
determined as described (Castanie-Cornet et al. 1999).
Strains were grown overnight in LB broth plus 100 mM
2-(N-morpholino)ethanesulfonic acid (MES), pH 5.5;
diluted 1:1,000 in EG broth, pH 2.5 (Vogel and Bonner
1956) or LB broth plus 100 mM MES, pH 7.0; and incu-
bated at 37°C prior to plating at various times onto LB
agar containing appropriate antibiotics. Experiments
were performed four times with three replicates per
treatment and experiments analyzed independently.

Osmosensitivity with strains 501R3 and M59 was
determined on N agar or on N agar supplemented with
1.0, 2.0, or 3.0 M sorbitol; 1.0, 2.0, or 3.0 M glucose; 0.5,
1.5, or 1.5M NaCl; or 0.5, 1.0 M, or 1.5 M KCI essen-
tially as described (Aiba etal. 1998). Strains were
grown overnight at 37°C in N broth, washed in SDW,
resuspended in SDW to O.D. 540 nm = 1.00 and 5 pl of
this suspension spotted onto the above media and
streaked. Agar plates were incubated at 37°C and
examined for growth after 48 h. Experiments were per-
formed three times with two replicates per treatment
and experiments analyzed independently.

In vitro growth assays

To determine relative growth on various carbon
sources supplied individually, E. cloacae strains cul-
tured overnight in MS56 salts broth + 0.2% glycerol
were harvested by centrifugation, washed twice in
10 mM MgSO,, resuspended in 10 mM MgSO, to O.D.
540 nm = 1.00, and 100 pl of this suspension added to
5 ml M56 basal salts + 0.2% test carbon source in ster-
ile test tubes (1.8-cm diameter x 15 cm). Carbon
sources supplied individually are listed in Table 2. Rel-
ative growth on synthetic cucumber root exudate was
performed as above using a mixture of reduced carbon
compounds detected in cucumber root exudate (D.P.
Roberts, L. McKenna, J. Buyer, unpublished results).
A stock solution containing (per liter) 0.007 g L-arabi-
nose, 0.014 g cellibiose, 0.004 g fructose, 0.014 g galac-
tose, 0.006 g gentiobiose, 0.038 g glucose, 0.002 g
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Table 2 In vitro growth and swarm response by Enterobacter clo-
acae strains on predominant carbohydrates, amino acids, and or-
ganic acids in cucumber root exudate

Compound?® In vitro Swarm response (mm)*
growth
Carbohydrate
Arabinose S 0.0+ 0.0 0.0+ 0.0
Cellobiose S 22.0+ 0.0 17.3 + 0.5¢
Galactose S 29.0 £ 0.8° 24.0 £2.2°
Glucose S 37.5 £2.5°¢ 277 £1.7°
Mannose S 19.0 £ 0.0 73+12
Rhamnose S 0.0£+0.0 0.0£+0.0
Sucrose WT 22.0+0.0 19.0 £0.8
Xylose S 17.8 £ 0.5 8.0+ 0.0
Amino acid’
L-Aspartate S 7.5+£0.0 0.0£0.0
L-Glutamine S 143+ 0.0 0.0 £0.0
L-Histidine S 0.0+ 0.0 0.0+ 0.0
L-Proline NG 17.0 £ 0.0 0.0 £ 0.08
L-Serine S 0.0+ 0.0 0.0+ 0.0
Organic acid
Citrate S 29.7+£0.9 5.0 £ 0.0
Malate S 30.7 £3.1 133+1.7
Succinate S 123 +0.5 0.0£+0.0

# Carbohydrate, amino acid, and organic acid compounds tested
were present at >1 g plant™' in cucumber root exudate (D.P.
Roberts, L. McKenna, J.S. Buyer, unpublished). Only com-
pounds that supported growth by strain S01R3 were tested

> WT wild-type growth, growth by strains M59 and 501R3 was
similar. S slow growth, there was significant growth by strain M59
but the O.D. 540 nm of strain M59 was more than one standard
deviation less than that of strain 501R3 at one or more time
points. NG no growth, O.D. 540 nm was less than 0.15 at the end
of the 8 h experiment. Results from a single experiment are pre-
sented

¢ Distance in millimeters migrated toward the reduced carbon
compound was determined visually after 48, 72, and 96 h. Except
where indicated otherwise, 72 h determinations are reported. Re-
sults from a single experiment are presented

4 Distance migrated by strain M59 was similar to that of strain
501R3 in one of four experiments

¢ Distance migrated was determined after 48 h

! In vitro growth data on amino acids is from Roberts et al.
(1996). A single experiment with these amino acids was per-
formed for verification. Results from this experiment were consis-
tent with those published previously (Roberts et al. 1996)

& Swarm response by strain M59 was apparent in three of three
experiments after 96 h. In all experiments, distance migrated by
strain M59 was significantly less than that by strain 501R3

isomaltose, 0.004 g lactose, 0.003 g maltose, 0.005 g
mannitol, 0.017 g rhamnose, 0.085 g sucrose, 0.006 g
trehalose, 0.009 g xylose, 0.092 g citrate, 0.335 g a-keto-
glutarate, 0.032 g malate, 0.604 g succinate, 0.037 g
arginine, 0.477 g aspartate, 0.007 g y-aminobutyric acid,
0.094 g glutamine, 0.022 g glycine, 0.109 g histidine, 0.
183 g isoleucine, 0.869 g leucine, 0.020 g lysine, 0.034 g
methionine, 0.004 g ornithine, 0.100 g phenylalanine,
1.362 g proline, 0.296 g serine, 0.004 g threonine,

0.035 g tryptophan, and 0.009 g tyrosine was prepared
and added to M56 salts broth so that the final concen-
tration of reduced carbon was 0.05, 0.1, or 0.5%. Sugars
were the D stereoisomer and amino acids were the L
stereoisomer unless indicated otherwise. To determine
relative growth on certain reduced carbon sources in
the presence of cAMP, experiments were conducted as
above except treatments contained 1 mM cAMP.
Treatments were incubated at 37°C and 250 rpm.
Experiments were performed at least three times with
three replicates per treatment and experiments ana-
lyzed independently. Growth was monitored by deter-
mining O.D. 540 nm. The following rating system was
used to compare in vitro growth by strains 501R3 and
M59: WT, wild-type growth, growth by strains M59 and
501R3 was similar. S, slow growth, there was significant
growth by strain M59 but the O.D. 540 nm of strain
M59 was more than one standard deviation less than
that of strain 501R3 at one or more time points. NG, no
growth, O.D. 540 nm was less than 0.15 after 8 h.

For experiments determining if E. cloacae could
grow on cAMP as a source of reduced carbon, nitro-
gen, or phosphorous, strains were grown overnight as
above, washed with M56 salts broth without carbon,
nitrogen, or phosphorous, respectively, and resus-
pended in the appropriate M56 salts solution to O.D.
540 nm = 1.00. This suspension (500 ul) was added to
20 ml test treatment in 250 ml Erlenmeyer flasks. For
determining growth on cAMP as a reduced carbon
source, treatments were M56 salts broth plus: 0.5%
fructose, 5mM cAMP, and no carbon source. For
determining growth on cAMP as a nitrogen source,
treatments were M56 salts broth without nitrogen plus:
0.5% fructose, 5mM vr-alanine + 0.5% fructose, and
5 mM cAMP + 0.5% fructose. For determining growth
on cAMP as a phosphorous source, treatments con-
sisted of M56 salts broth without phosphorous plus:
0.5% fructose, 5 mM KPO, + 0.5% fructose, and 5 mM
cAMP + 0.5% fructose. Flasks were incubated at 37°C
and 250 rpm. Growth was measured by determining
O.D. 540 nm. Treatments were replicated three times
and all experiments performed twice. Experiments
were analyzed independently.

Motility assays

Strains were grown overnight in Kaiser and Hogness
salts buffer (Kaiser and Hogness 1960) plus 0.1% glyc-
erol at 30°C and 60 rpm and evaluated for motility
microscopically and in open tubes embedded in semi-
solid agar (Kreig and Gerhardt 1981) at room tempera-
ture. All experiments were performed twice with three
replicates per strain.
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Swarm assay

Strains were tested for swarm response toward individ-
ual reduced carbon compounds essentially as described
(Hawes et al. 1988). Strains were grown overnight as
for motility assays with or without 5mM cAMP,
washed twice with chemotaxis wash buffer (Adler
1973), and resuspended in chemotaxis buffer (Adler
1973) so that bacterial suspensions contained approxi-
mately 10'° CFU ml~!. Bacterial suspensions (10 pul)
were spotted at the center of a Petri dish (100-mm
diameter) containing swarm medium (Hawes et al.
1988) with or without 0.3 mM cAMP. The test carbon
source (10 pl, 100 mM) was spotted 3 cm from the bac-
terial suspension at the periphery of the plate and the
plates incubated at 28°C without shaking. Carbon
sources applied individually are listed in Table 2.
Swarm response toward 0.4% synthetic cucumber root
exudate medium (described above) was also tested.
For these experiments, swarm agar was prepared with
and without 0.3 mM cAMP. Plates were inspected visu-
ally for swarm response at various times. Experiments
were performed at least two times with three replicates
per treatment and analyzed independently.

Microcapillary chemotaxis assay

Microcapillary chemotaxis assays were performed
essentially as described (Adler 1973). Strains were
grown overnight with and without 5 mM cAMP as for
the motility assay. Fresh cultures were started in the
same media and incubated until an O.D. 540 nm of 0.2
0.4 was reached. Cultures were washed twice in chemo-
taxis wash buffer and resuspended in chemotaxis buffer
at approximately 5.0 x 10® CFU ml~!. Microcapillaries
containing various concentrations of synthetic root
exudate medium (described above), individual reduced
carbon compounds, or SDW were inserted into chemo-
taxis apparati (described in Adler 1973) containing
150 ul of the bacterial suspensions and incubated at
28°C for 40 min. CFU in microcapillaries were deter-
mined by spiral plating onto LB agar containing appro-
priate antibiotics. Mean log;, CFU with standard
deviation was calculated for each treatment. All exper-
iments were performed twice with three replicates per
treatment and experiments analyzed independently.

Root colonization assays
For whole-root colonization assays strains S01R3 and
M59 were grown overnight at 250 rpm in LB broth

containing appropriate antibiotics. Cucumber seeds
treated with strains 501R3, M59, or no bacteria in a gel-
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atin formulation (Roberts et al. 2005) were sown in
potting mix (Redi-Earth, Scotts Horticultural Prod-
ucts, Marysville, OH, USA) or a natural Hatborough
loamy sand soil (pH 5.9, 3.04% carbon) in 6.5-cm
diameter x 25 cm deep pots and incubated in a growth
chamber at 22°C with a 12 h photoperiod. Plants were
removed at sampling time and the roots excised by cut-
ting the plants at the soil line. The root and attached
planting medium were placed in SDW, sonicated 5 min
(Branson Ultrasonic Corp., Model 8210, Danbury, CT,
USA), and CFU (root system)~! determined by spiral
plating onto LB agar containing appropriate antibiotics
(Roberts et al. 1997). Root system fresh weight was
determined for each sample. The experiment was per-
formed two times with each planting medium with six
replicates per treatment. Mean log;, CFU (g fresh
weight root tissue)™! was determined and compared
using Least Squares Means in proc GLM (SAS Insti-
tute, Cary, NC, USA). Experiments were analyzed
independently.

For experiments to determine the distribution of pop-
ulations of Enterobcater cloacae along roots, individual
cucumber seeds treated with strains 501R3 or M59 in the
gelatin formulation were sown in potting mix in deep
pots as above. Seeds treated with gelatin only were used
as controls. At sampling time 2-cm sections of root were
placed in SDW, sonicated, and populations of 501R3
and M59 determined as above. The experiment was per-
formed two times with six replicates per treatment.
Mean log;, CFU (2-cm root)”! was determined and
compared using Least Squares Means in proc GLM.
Experiments were analyzed independently.

Biochemical restoration of seedling colonization

Strains were grown overnight at 250 rpm in LB broth
containing appropriate antibiotics, washed twice with
SDW, resuspended in SDW, and applied at approxi-
mately 7.70 log,, CFU seed™! to cucumber seeds in
4 ml potting mix in 14 ml snap-cap tubes. The potting
mix had been equilibrated with 1 ml SDW or 5 mM
cAMP in SDW. SDW (500 ul) and cAMP (500 pl,
5 mM) were added to appropriate treatments 74 and
244 h after application of bacteria. Populations of
strains 501R3 and M59 were determined at various
times by spiral plating as previously described (Roberts
et al. 1992). The experiment was performed four times
with six replicates per treatment. Mean log;, CFU
seedling™! was determined and compared using least
squares means in proc GLM. Experiments were ana-
lyzed independently.

Control seedling colonization assays were conducted as
above except strain M59 was applied at approximately
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7.70 log,, CFU seed™! to cucumber seeds in potting
mix that had been equilibrated with 1 ml SDW; 5 mM
CaNOj;; or 5 mM KPO,, pH 7.0. SDW, 5 mM CaNOs,
or 5mM KPO,, pH 7.0 (500 ul) were added 74 h and
244 h after application of bacteria to appropriate treat-
ments. The experiment was performed two times with
six replicates per treatment. Mean log;, CFU seed-
ling™! was determined and compared using Least
Squares Means in proc GLM. Experiments were ana-
lyzed independently.

Results

Molecular and biochemical characterization
of Enterobacter cloacae M59

Enterobacter cloacae strain M59 was selected for fur-
ther study after the initial screening of a library of mini-
Tn5 Km mutants of strain 501R3 for mutants reduced
in seed colonization (Roberts et al. 1996). Southern
hybridization analysis confirmed the presence of a sin-
gle mini-Tn5 Km insertion in the genome of strain M59
(Roberts et al. 1996). Subsequent subcloning of the
region of the M59 genome containing the mini-Tn5 Km
insertion yielded plasmid pM59 (Fig.1). Sequencing
outward from mini-Tn5 Km in plasmid pM59, using
primers specific for the ends of mini-Tn5 Km, indicated
that this transposon was inserted in a region of the
strain M59 genome with a high degree of sequence sim-
ilarity to cyaA (Keseler et al. 2005). Plasmid pM59 con-
tains only the downstream terminal portion of the cyaA
gene, no promoter or ribosomal binding sites were
identified (Fig. 1). Additional upstream sequence in
the Enterobacter cloacae genome containing the
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Fig. 1 Physical maps of the portion of the Enterobacter cloacae
M59 genome containing cyaA and of plasmid pM59. The location
of certain restriction endonuclease cleavage sites are indicated.
The location and direction of transcription of genes is indicated
by the horizontal arrows. The downward pointing arrow indicates
the mini-Tn5 Km insertion site at position 1,765 of cyaA. Partial
indicates that only a portion of the sequence of this gene was ob-
tained. The nucleotide sequence and sequence of the translated
proteins have been deposited in GenBank under accession num-
ber AY765258

remaining portion of cyaA was obtained by directional
walking. Comparison of the complete cyaA sequence
from Enterobacter cloacae with the cyaA sequence
from E. coli indicated 85.0% DNA sequence identity
and 91.2% amino acid sequence similarity (data not
shown). An open reading frame sufficient to encode a
polypeptide of 848 amino acids was detected (data not
shown). The unusual translation initiation codon TTG
included within the 18-nucleotide sequence CAG-
GCGATACGTCTTGTA, which is highly conserved in
the Enterobacteriaceae (Danchin 1993), was identified.
Consensus —10 and —35 sites for promoter P1 were
identified extending from residues —338 to —333 and
—361 to —356, respectively, relative to the predicted
translation initiation site. Consensus —10 and —35 sites
for promoter P2 were identified extending from resi-
dues —154 to —149 and —177 to —172, respectively, rel-
ative to the predicted translation initiation site. A
ribosome-binding site was identified extending from
residues —17 to —7 relative to the predicted translation
initiation site.

Analysis of sequence upstream of cyaA indicated
the presence of a region of DNA with a high degree of
sequence similarity to hemC (Fig.1). This gene
encodes hydroxymethylbilane synthase (Keseler et al.
2005). Analysis of sequence downstream of cyaA indi-
cated the presence of regions of DNA with high
degrees of sequence similarity to cyaY, cyaX, and dapF
(Fig. 1). These genes encode an iron-binding frataxin
homolog, a hypothetical protein, and diaminopimilate
epimerase, respectively (Keseler etal. 2005). The
hemC, cyaA, cyaY, cyaX, and dapF genes have identi-
cal organization and direction of transcription in Ente-
robacter cloacae and E. coli K12 (Keseler et al. 2005).
A GeneContext analysis revealed that this gene orga-
nization is also identical in E. coli strains O157:H7,
0O157:H7 EDL 933, and W3110, but differs from that of
E. coli strains CFT073 and UTI89 and from Erwinia
caratovora subsp. atrosceptica SCRI1043. This gene
organization is clearly not conserved in the Enterobac-
teriaceae as postulated earlier (Danchin 1993).

Results from Southern hybridization experiments
were consistent with Enterobacter cloacae containing a
single copy of cyaA in its genome. Genomic DNA
preparations from strains 501R3 and M59, digested
with the restriction endonucleases Pvul, Fspl, Clal,
and Hpal, were hybridized to cyaA and mini-Tn5 Km
probes. As determined by analysis of the 501R3 cyaA
sequence, Pvul, Fspl, Clal, and Hpal cut within cyaA
0, 0, 1, and 1 time, respectively. Fspl cuts within mini-
Tn5 Km once while Pvul, Clal, and Hpal do not cut
within this minitransposon. Single bands were detected
in genomic preparations from strain 501R3 digested
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with Pvul and Fspl after hybridization with the cyaA
probe while two bands were detected with prepara-
tions digested with Clal and Hpal (data not shown). A
single band was also detected in genomic preparations
from strain M59 digested with Pvul after hybridization
with the cyaA probe. Two bands were detected in
genomic preparations from strain M59 when digested
with Fspl due to the additional Fspl restriction site
located in mini-Tn5 Km. As with genomic preparations
from strain 501R3, two bands were detected in M59
preparations digested with Clal and Hpal after hybrid-
ization with the cyaA probe since there are no Clal or
Hpal located in mini-Tn5 Km (data not shown). The
mini-Tn5 Km probe did not hybridize to genomic prep-
arations from strain 501R3. Single bands were detected
in genomic preparations from strain M59 digested with
Pvul, Clal and Hpal after hybridization with the mini-
Tn5 Km probe while two bands were detected with
preparations digested with Fspl (data not shown). This
is the expected profile for Enterobacter cloacae con-
taining a single copy of cyaA in the genome.

The transposon insertion in cyaA in strain M59
resulted in dramatically reduced levels of cAMP relative
to the wild-type strain. cAMP levels in strain M59 were
approximately 2% of those in strain 501R3. Lysate from
cultures of strain 501R3 grown at 28°C contained
0.166 + 0.076 pMole cAMP (ug protein) ! while lysate
from strain MS59 contained 0.0029 + 0.0025 pMole
cAMP (ug protein)~!. Lysate from cultures of strain
501R3 grown at 37°C contained 0.05 4+ 0.03 pMole
cAMP (g protein)~! while lysate from strain M59 con-
tained 0.001 & 0.0005 pMole cAMP (pg protein)~'.

The phosphomycin resistance profile of strain M59
grown with and without cAMP is consistent with that
of E. coli cyaA mutants (Sakamoto et al. 2003). Phos-
phomycin is transported into E. coli cells via the glyc-
erol-3-phosphate transporter whose production is
dependent on the presence of cAMP (Tsuruoka and
Yamada 1975; Alper and Ames 1978). The minimal
concentration of phosphomycin tested that was inhibi-
tory to strains S01R3 and M59 in the absence of cAMP
was 1,500 pgml~! and >6,000 pg ml~!, respectively.
The presence of 1 mM cAMP increased sensitivity to
phosphomycin with both strains. The minimal concen-
tration of phosphomycin tested that was inhibitory in
the presence of 1 mM cAMP was 1,000 ug ml~! for
501R3 and 2,000 pug ml~! for strain M59. Similar results
were obtained in a second experiment.

Environmental stress assays

Enterobacter cloacae M59 was more resistant to heat
stress than the wild-type strain, strain 501R3. Log;,
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CFU for strains M59 and 501R3 after 0, 15, 30, 45, 60, 75,
and 90 min incubation at 50°C were 8.98 + 0.07 and
9.15+£0.10, 8.33 £ 0.02 and 8.28 £ 0.11, 7.32 £ 0.27 and
5.84 +0.23, 6.53 £0.04 and 4.87 +0.23, 5.88 + 0.12
and 4.52 4+ 0.36,5.21 £ 0.11 and 2.31 £ 2.00, and 4.43 +
0.12 and 2.21 &+ 1.91, respectively. Similar results were
obtained in a second experiment (data not shown).

Strain M59 was slightly less acid resistant than strain
501R3 (Fig.2). In three of four experiments popula-
tions of strain 501R3 were significantly greater than
those of strain M59 after 15-20 min incubation at pH
2.5 and trended higher than those of strain M59 for the
remainder of the experiment. In one of four experi-
ments populations of strain 501R3 were equal to, or
slightly but significantly less, than those of strain M59
at all time points.

Strains M59 and 501R3 were similar in growth on all
high-osmotic-strength media tested. Strains M59 and
501R3 grew equally well on N agar supplemented with
1.0 M and 2.0 M sorbitol, 1.0 and 2.0 M glucose, 0.5 and
1.0 M NaCl, and 0.5 and 1.0 M KCI. Neither strain
grew on N agar supplemented with 3.0 M sorbitol,
3.0M glucose, 1.5M NaCl, or 1.5M KCI. Similar
results were obtained in both of the additional experi-
ments.

Motility
Enterobacter cloacae strain M59 was motile. Evidence

for motility was obtained microscopically and in tube
assays using semisolid agar (Kreig and Gerhardt 1981)

Lcfu,q CFU mi™!

0 20 40 60 80 100 120 140
Time (min)

Fig. 2 Acid resistance by Enterobacter cloacae strains 501R3 and
MS59. Acid resistance was determined by incubating strains 501R3
(closed circles) and M59 (open circles) in EG medium, pH 2.5, fol-
lowed by dilution-plating. Strains 501R3 (closed triangles) and
M59 (open triangles) were incubated in EG medium, pH 7.0, as a
control. Error bars represent one standard deviation from the
mean. Treatments were replicated three times
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in repeated experiments (data not shown). Addition-
ally, strain M59 was motile on swarm agar and in
microcapillary chemotaxis assays (Tables 2, 3).

In vitro growth and chemotaxis on reduced carbon
compounds in root exudate

Enterobacter cloacae M59 was significantly reduced in
growth on all but one of the predominant carbohy-
drates, amino acids, and organic acids detected in
cucumber root exudate when these compounds were
supplied individually (Table 2). Similar results were
obtained in two additional experiments (data not
shown). Relative growth of FEnterobacter cloacae
strains M59 and 501R3 was also determined on syn-
thetic cucumber root exudate supplied at various final
concentrations. Strain M59 was reduced in growth
relative to strain 501R3 on this synthetic cucumber
root exudate medium when reduced carbon was sup-
plied at 0.05% (Fig.3) and 0.1% in MS56 basal salts
medium. Strain M59 was not significantly reduced in
growth relative to strain 501R3 when this synthetic
root exudate was supplied at 0.5% (data not shown).
Similar results were obtained in four additional
experiments (data not shown). There was no signifi-
cant growth by either strain on synthetic root exudate
when supplied at 0.01% in preliminary experiments
(data not shown). The differential impact of the muta-
tion in cyaA in strain M59 under low versus high con-
centrations of synthetic root exudate was possibly due
to the role of cCAMP in expression of ABC transport
systems by enteric bacteria which function in scaveng-
ing nutrients present in low concentrations (Ferenci
1999).

Strain M59 was also reduced relative to strain S01R3
in swarm response to all compounds tested individually
on swarm agar plates with the exception of arabinose,
rhamnose, histidine, and serine (Table 2). Neither
strain was responsive toward these four compounds on
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Fig. 3 Growth by Enterobacter cloacae strains 501R3 and M59 on
0.05% synthetic cucumber root exudate in the presence and ab-
sence of exogenous 1 mM cAMP. Open circles strain M59; closed
circles strain S01R3; solid line no exogenous cAMP; dashed line,
1 mM cAMP present in growth medium. Mean optical density
with standard deviation over time from a single experiment is
shown. Treatments were replicated three times

swarm agar plates. Similar results were obtained in at
least two additional experiments with each individual
compound (data not shown). The swarm response was
always only in the direction of the chemical source.
The microcapillary chemotaxis assay of Adler (1973)
was used to confirm that strain M59 was capable of lim-
ited chemotaxis toward some compounds detected in
cucumber root exudates. Log;, CFU of strains 501R3
and M59 in microcapillaries originally containing
0.1 mM glucose, 1 mM citrate, and SDW were
6.60 £ 0.19 and 6.06 £0.16, 592 £0.15 and 4.97 +
0.07, and 4.99 + 0.25 and 4.91 £+ 0.05, respectively. In
this experiment strain M59 was capable of chemotaxis
toward 0.1 mM glucose, but at a reduced level relative
to strain 501R3, and no longer capable of chemotaxis
toward 0.1 mM citrate. Similar results were obtained in
a second experiment (data not shown).

Table 3 Chemotaxis by Enterobacter cloacae strains to synthetic cucumber root exudate

Chemoattractant Log,, CFU microcapillary ™!

501R3 501R3 + cAMP M59 M59 + cAMP
0.4% exudate 6.48 £ 0.30 6.59 £0.21 5.08+£0.11 6.41 £+ 0.06
0.01% exudate 6.21 £0.32 ND 483 +£0.21 ND
0.0004% exudate 6.24 £0.22 6.07 £0.18 4.87 £ 0.06 6.17 £0.23
SDW 413 +£0.18 3.87+£0.31 426 £ 0.05 451 +0.15

Strains were grown in M56 salts plus 0.1% glycerol with and without 5 mM cAMP. The chemotaxis apparatus (Adler 1973) contained
150 pl of a bacterial suspension (approximately 5 x 10° CFU ml™" ). Microcapillaries containing chemoattractant were incubated in
the apparatus at 28°C for 40 min prior to determining bacterial populations that had migrated into these microcapillary tubes

ND not determined, SDW sterile distilled water
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There was substantial migration by strain 501R3
toward the synthetic root exudate on swarm agar with
the leading edge of the swarm front of strain 501R3
located 12.7 + 0.5 mm from the point of application of
bacteria when 10 pl of 0.4% synthetic cucumber root
exudate was used as chemoattractant. There was no
detectable swarm response to this reduced carbon mix-
ture by strain M59. Similar results were obtained in a
second experiment (data not shown). In all experi-
ments the swarm response was only in the direction of
the chemical source. Chemotaxis by strain M59 to 0.4,
0.01, and 0.0004% synthetic cucumber root exudate, as
determined by measuring bacterial populations in
microcapillary tubes containing these mixtures, was
significantly lower than that by strain 501R3 in micro-
capillary assays (Table 3). Chemotaxis by strain M59
using 0.01 and 0.004% synthetic root exudate as
chemoattractant was marginally greater than the SDW
control. Similar results were obtained in a second
experiment (data not shown).

Colonization

In initial studies Enterobacter cloacae M59 was reduced
in growth on germinating cucumber seeds relative to
strain 501R3 after 48 h when applied at low initial pop-
ulation levels (Roberts et al. 1996). In the current study
it was determined that Enterobacter cloacae M59 was
significantly impaired in colonization of cucumber
roots relative to Enterobacter cloacae 501R3. Popula-
tions of strains 501R3 and M59 were 5.80 log,;, CFU (g
root) ! and 1.54 log,, CFU (g root)~! (P <0.0001) at
21 days, and 4.65 log,, CFU (g root)~! and 0.57 log,,
CFU (g root)™' (P < 0.0001) at 42 days, respectively, in
one experiment conducted with non-segmented root
systems from cucumber plants grown in natural soil. In
a second experiment conducted in natural soil, popula-
tions of 501R3 and MS59 were similar at 21 days
(P=021) and significantly different at 42 days
(P =0.0013) (data not shown). Populations of strain
501R3 were at least 700-fold greater than those of
strain M59 at one or more time points in both of these
experiments. Populations of strains 501R3 and M59
were 5.07 log,, CFU (g root)™! and 0.66 log,, CFU (g
root)! (P <0.0001) at 25 days and 5.73 log,, CFU (g
root)~! and 2.55 log,, CFU (g root)™! (P =0.0009) at
40 days, respectively, in studies conducted with non-
segmented root systems from cucumber plants grown
in potting mix. In a second experiment conducted in
potting mix, populations of 501R3 and M59 were sig-
nificantly different at 21 days (P = 0.004) and similar at
42 days (P =0.15) (data not shown). Populations of
strain 501R3 were only sixfold greater than those of
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strain M59 in the second experiment conducted in pot-
ting mix. Initial populations in these experiments with
non-segmented root systems were approximately 7.50
log,, CFU seed ! for each strain.

The distribution of Enterobacter cloacae strains
along cucumber roots was determined in a second set
of experiments where the root system from cucumber
plants grown in potting mix was cut into 2-cm-long seg-
ments. In these experiments, populations of Enterob-
acter cloacae 501R3 decreased in the rhizosphere with
increasing distance from the soil line at 27 and 47 days
after sowing bacterized seed but were extensively dis-
tributed along cucumber roots (Table 4). Populations
of Enterobacter cloacae MS59 were only fivefold less
than those of strain 501R3 on the uppermost 2-cm root
segment. However, populations of strain MS59
decreased much more rapidly than those of strain
501R3 with increasing distance from the soil line
(Table 4). Similar results were obtained in a second
experiment (data not shown). Initial populations in
these experiments were approximately 8.00 log;, CFU
seed~! for each strain.

Biochemical restoration of in vitro growth, chemotaxis,
and seedling colonization

Addition of 1 mM cAMP to M56 salts broth amended
with 0.05% synthetic root exudate resulted in a significant

Table 4 Colonization of cucumber roots by Enterobacter cloacae
strains

Day?* Root Log,, CFU segment !

segment (cm)®
501R3 M59 Pr>T

27 0-2 6.61 5.93 0.41
2-4 5.34 4.47 0.29
4-6 4.94 4.05 0.28
6-8 4.77 2.81 0.02
8-10 4.79 2.75 0.02
10-12 5.03 2.62 0.004
12-14 4.67 1.42 0.0001
14-16 3.39 0.73 0.003
16-18 2.16 BDL* 0.18

47 0-2 6.82 6.02 0.33
2-4 5.40 3.83 0.06
4-6 5.17 2.06 0.0002
6-8 4.66 BDL 0.0001
8-10 3.50 BDL 0.0001
10-12 217 0.69 0.07
12-14 3.09 BDL 0.0003
14-16 2.28 0.70 0.06

Results from a single experiment are presented. Initial popula-
tions were approximately 8.00 log,, CFU seed™' for each strain

# Days after sowing bacterized cucumber seed
> Distance down the root from the soil line
¢ BDL below detectable limit
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increase in in vitro growth by strain M59 (Fig. 3).
Growth by strain M59 in the presence of exogenous
cAMP was significantly greater than that by M59 in the
absence of exogenous cAMP and similar to that of
strain 501R3 with and without addition of exogenous
cAMP. Similar results were obtained in two additional
experiments (data not shown). Swarm response by
strain M59 (with exogenous cAMP) toward 0.4% syn-
thetic root exudates was restored to levels associated
with strain 501R3 with and without exogenous cAMP
on swarm agar plates. The distance of the leading edge
of the swarm front from the point of application of bac-
terial treatments was 11.7 + 0.5, 12.7 + 0.5, 0.0 & 0.0,
and 11.3+ 0.5 for strain 501R3 without exogenous
cAMP, strain 501R3 with exogenous cAMP, strain
M59 without exogenous cAMP, and strain M59 with
exogenous cAMP, respectively. Likewise, addition of
exogenous cAMP restored chemotaxis in microcapil-
lary assays by strain M59 toward synthetic root exudate
to levels similar to those of strain 501R3 in the pres-
ence and absence of cAMP (Table 3). Similar results
were obtained in repeated experiments (data not
shown). Interestingly, higher concentrations of exoge-
nous cAMP (3 mM) were inhibitory to in vitro growth
and the swarm response by both strains 501R3 and
M359 in the presence of synthetic root exudate medium
(data not shown). The inhibitory effects of higher con-
centrations of cCAMP on growth and swarm response
were possibly due to negative regulation exerted by
excess levels of the cAMP-CRP complex on the P2
promoter of cyaA (Aiba 1985).

Addition of 5mM cAMP to potting mix allowed
strain M59 to maintain populations on cucumber seed-
lings longer than when no cAMP was added (Fig. 4a).
Populations of strain M59 decreased more rapidly than
populations of strain 501R3 on cucumber seedlings
with populations of strain M59 being significantly
lower (P < 0.05) than those of strain 501R3 at 240 and
312 h after application of bacteria to cucumber seed.
cAMP was added to certain treatments 74 and 242 h
after application of bacteria to seeds. Populations of
M359 in the presence of exogenous cAMP were slightly
greater than those of strain M59 where no cAMP was
added at 144 h. Populations of M59 where exogenous
cAMP was added were significantly greater (P < 0.05)
than those of strain M59 where no cAMP was added at
312h and similar to those of strain 501R3 in the
absence of cAMP. Populations of strain 501R3 in the
presence of cCAMP also trended higher than those of
501R3 in the absence of cAMP at 144 and 312 h. Simi-
lar results were obtained in three other experiments
(data not shown). This effect of cAMP on populations
of strain M59 on cucumber seedlings was not due to

this molecule serving as a source of carbon, nitrogen,
or phosphorous. Enterobacter cloacae strains 501R3
and M59 did not grow on cAMP in vitro when this mol-
ecule was supplied as the sole source of carbon, nitro-
gen, or phosphorous (data not shown). In addition,
populations of strain M59 on cucumber seedlings were
similar (P > 0.19) at all sampling times in all treatments
when SDW, 5mM CaNO;, or 5mM KPO,, pH 7.0,
were added (Fig. 4b). Similar results were obtained in a
second experiment (data not shown).

Discussion

cAMP, whose synthesis is catalyzed by adenylate
cyclase, plays a universal role in the regulation of gene
expression at the transcriptional level and in the inte-
gration of metabolic functions (Danchin 1993). We
report for the first time that cAMP and cyaA, the gene
that encodes adenylate cyclase, have an important role
in root colonization by plant-beneficial bacteria. The
following genetic and biochemical data demonstrate
this: E. cloacae M59 was reduced in cucumber root col-
onization and contained a single mini-Tn5 Km inser-
tion in a region of the Enterobacter cloacae genome
with very high DNA and amino acid sequence similar-
ity to cyaA from E. coli (data not shown). Enterobacter
cloacae M59 had dramatically lower adenylate cyclase
activity than strain 501R3, with cellular cAMP levels
approximately 2% those detected in strain 5S01R3. As
with E. coli cyaA mutants, strain M59 was more resis-
tant to heat stress and the antibiotic phosphomycin
than the wild-type strain, strain S01R3 (Tsuruoka and
Yamada 1975; Alper and Ames 1978; Delaney 1990;
Lee-Rivera and Gomez-Eichelmann 1994). Finally,
addition of exogenous cAMP improved colonization of
cucumber rhizosphere by strain M59 (Fig. 4) indicating
that the strain M59 colonization phenotype was due to
the mutation in cyaA and not to other physically linked
genes.

Although Enterobacter cloacae M59 clearly con-
tained a single transposon insertion in its genome
within cyaA, MS59 differs from other enteric cyaA
mutants in certain phenotypes. (1) Strain M59 was only
slightly less acid resistant than strain 501R3 (Fig. 2)
whereas cyaA and crp mutants of E. coli have been
shown to be present in populations that are orders of
magnitude lower than those of the wildtype after 2 h
incubation at pH 2.5 (Castanie-Cornet et al. 1999). (2)
We did not detect differences in growth between
strains M59 and 501R3 on high-osmotic-strength
media. (3) Strain M59 was motile and capable of lim-
ited chemotaxis, unlike most other enteric cyaA
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mutants, which typically are nonmotile. cyaA is
involved in motility and chemotaxis in enteric bacteria
due to the requirement of cAMP for biosynthesis of
flagellar proteins and certain chemoreceptors that
detect carbon sources (Rephaeli and Saier 1976;
Vogler and Lengeler 1987). (4) Strain M59 was capable
of limited growth on phosphotransferase sugars (e.g.
cellibiose, glucose, mannose), Class I (e.g. raffinose,
data not shown), and Class II (e.g. galactose, malate,
rhamnose, xylose) compounds (Table 2). E. coli cyaA
mutants are deficient in growth on many of these com-
pounds (Postma et al. 1996).

These phenotype differences between strain M59
and other enteric cyaA mutants may be due to the loca-
tion of the mini-Tn5 Km insertion within cyaA in M59.
The mini-Tn5 Km insertion at position 1,765 (data not
shown) in the nucleotide sequence of cyaA likely

@ Springer

affects production of the C-terminal region of adenyl-
ate cyclase in strain M59 (Fig. 1). This insertion is at
residue 588 (total of 848 residues) when considering
the amino acid sequence. The catalytic domain occu-
pies the N-terminal portion of adenylate cyclase, with
the limit of the catalytic domain slightly upstream of
residue 414 (Trotot etal. 1996). The C-terminal
domain of adenylate cyclase in E. coli has been shown
to be non-essential for catalytic activity and is postu-
lated to be involved in regulation (Crasnier and Dan-
chin 1990; Crasnier etal. 1994; Saier etal. 1996).
Certain E. coli mutants, with mutations in this region,
produce an adenylate cyclase that synthesizes cAMP at
reduced rates (Crasnier et al. 1994). Whether the pheno-
type differences between strain M59 and other enteric
cyaA mutants are due to regulation per se or a truncated
adenylate cyclase, and resultant low intracellular levels



Arch Microbiol (2007) 187:101-115

113

of cAMP, are hypotheses that await further experi-
mentation and confirmation.

The plant spermosphere and rhizosphere are nutri-
tionally complex environments that vary spatially and
temporally (Curl and Truelove 1986). For effective
applications of plant-beneficial bacteria these microbes
must adapt to these different environments to obtain
carbon and energy for growth and production of
metabolites involved in disease suppression. Support-
ing this, beneficial pseudomonads have been shown to
adapt to plant rhizosphere through differential expres-
sion of genes, including genes with homology to genes
involved in transport and metabolism of reduced car-
bon compounds (Rainey 1999). Also, certain nutri-
tional traits vary greatly in importance in the
spermosphere environments of different seed types
(Roberts et al. 1996, 1999, 2000). Finally, root coloniza-
tion experiments presented here suggest that the
impact of the mutation in cyaA on cucumber root colo-
nization by Enterobacter cloacae varies with planting
medium. Enterobacter cloacae M59 was dramatically
reduced in population in natural soil relative to Ente-
robacter cloacae S01R3 in two of two experiments but
only slightly reduced (approximately fivefold) relative
to Enterobacter cloacae 501R3 in potting mix in three
of four experiments (entire root and segmented root
experiments collectively). It is possible that competi-
tion for available reduced carbon varied between these
planting media due to differences in the indigenous
microbial community.

Understanding how beneficial bacteria respond to
different nutritional environments and regulate expres-
sion of genes involved in acquisition and metabolism of
reduced carbon nutrients remains a significant chal-
lenge. We identify here the importance of cAMP, and
by extension, cAMP-CRP regulated gene expression
in the colonization of cucumber roots by the plant-ben-
eficial bacterium Enterobacter cloacae. 1t is likely that
the role of cAMP in colonization has to do, at least in
part, with regulation of genes involved in acquisition
and metabolism of reduced carbon compounds in the
rhizosphere. Strain M59 was substantially impacted in
traits involved in the acquisition of reduced carbon;
being reduced in chemotaxis and growth on almost all
reduced carbon compounds detected in cucumber root
exudates (Tables 2, 3; Fig. 3). In addition to data pre-
sented here, previous work has shown that almost all
genes in enteric bacteria that encode enzymes involved
in transport and metabolism of reduced carbon com-
pounds are under cAMP-CRP control (Saier et al.
1996). It should be noted that cAMP-independent
catabolite repression pathways have been identified in
enteric bacteria (Saier 1996).

It is possible that the importance of cCAMP in the
association of Enterobacter cloacae with cucumber
roots also has to do with traits other than the acquisi-
tion and utilization of reduced carbon. Transcriptome
analysis of CRP-dependent catabolite control of gene
expression in E. coli identified a variety of stress-
related genes that are regulated in response to the
presence of CRP (Gosset etal. 2004). In addition,
more than half of all o’-controlled genes contain
potential cAMP-CRP binding sites in adjacent
upstream regions (Weber et al. 2005). The general
stress sigma factor, %, is strongly induced when E. coli
cells are exposed to starvation, osmotic, nonoptimal
temperature, and acidic stress environments (Hengge-
Aronis 2002). Acidic, osmotic, and starvation stress
conditions have been observed, or can easily be envi-
sioned, in the plant spermosphere and rhizosphere
(Jones et al. 2004). Other previously unidentified traits
directly or indirectly under cAMP control may also be
involved in colonization of cucumber roots by Enterob-
acter cloacae. CRP has been shown to regulate tran-
scription of other transcription factors such as Fur,
MelR, RphH, BlgG, Fis, and PdhR, which could result
in indirect effects of cAMP on expression of numerous
genes (Kolb et al. 1993; Zheng et al. 2004; Zhang et al.
2005). Transcriptional profiling experiments identified
176 operons that were activated by CRP in E. coli and
16 operons that were repressed (Zheng et al. 2004).
Analysis of these operons supports the hypothesis that
CRP regulates the expression of a large number of
genes not involved in the catabolism of reduced carbon
compounds. Clearly further work needs to be per-
formed to determine the environmental factors that
influence cAMP-CRP gene regulation in plant sper-
mosphere and rhizosphere.
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